Oligonucleotides containing 1-(2,4-dideoxy-^-D-eryf/in>-hexo-pyranosyl)thymine (2) and 1-{3,4-dideoxy-/?-De/yf/iro-hexopyranosyl) thymine (3) were synthesized on a solid support using the phosphoramldlte approach. The properties of these oligonucleotides were compared with the earlier reported characteristics of oligonucleotides containing 1-(2,3-dideoxy-/7-De/yfr»ro-hexopyranosyl) thymine (1). The order in enzymatic stability of end-substituted oligonucleotides is 3>1>>2. The hybridization properties of the modified oligonucleotides are in reverse order:
INTRODUCTION
Oligonucleotides of a defined sequence, complementary to a target mRNA or DNA, are valuable tools to disrupt genetic expression 1 (antisense or antigene approach). As all viral infections and most of the cancers involve undesirable expression of genes, the interest in the therapeutic applications of this antisense approach is justified. A major problem however is the rapid enzymatic degradation of natural oligodeoxynucleotides. The synthetic challenge lies therefore in the development of enzymatically stable oligonucleotide analogues, without disrupting the ability to form a stable duplex with its natural complement. Besides modification of the phosphate backbone, alteration of the sugar moiety of nucleosides can also be considered to reach this goal. Most of the reported sugar-modified oligonucleotides still contain a five-membered sugar ring, closely resembling the natural deoxyribose (a-DNA 2 , a-RNA 3 , 2'-0-methyl RNA 4 , 2'-O-allyl RNA 5 , carbocyclic DNA 6 , xylo-DNA 7 ) . Recently oligonucleotides containing a completely altered backbone (acyclic polyamide 8 , morpholino-nucleosides with carbamate linkages 9 ) were reported to have good hybridizing properties. Little is known, however, about the synthesis of oligonucleotides containing hexopyranose instead of pentofuranose sugars. Therefore we were interested in the synthesis of oligonucleotides containing dideoxy-/3-D-eryf/iro-
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These analogues have an increased enzymatic stability but suffer from a reduced duplex forming capability with the natural complement. We expected that we could improve the hybridization properties, while retaining the enzymatic stability, with the synthesis of oligonucleotides containing the monomers: l-(2,4-dideoxy-/3-D-eryr/zro-hexopyranosyl)thymine (2) and 1 -(3,4-dideoxy-/3-D-ery//iro-hexopyranosyl)thymine (3) .
For this purpose, building blocks for automated solid-phase synthesis were prepared which allow the incorporation of these nucleosides into any position of an oligonucleotide chain. Furthermore, we studied the behaviour of these oligonucleotides with respect to their enzymatic stability and base-pairing properties with complementary oligo(dA). The properties of these three analogues (1-3) are compared.
RESULTS AND DISCUSSION

Synthesis of the building blocks of 2 and 3 and incorporation into oligonucleotides
The synthesis of 2 starting from either l,2:5,6-di-Oisopropylidene-a-D-glucofuranose or from tri-O-acetyl-D-glucal is described separately 12 . Protection of the primary hydroxyl function of 2 with dimethoxytrityl chloride afforded 4 (scheme 1 To whom correspondence should be addressed II). Conversion of 4 to the phosphoramidite 5 afforded a building block suitable for incorporation into an oligonucleotide chain. Succinylation of 4 gave 6, which was coupled to the aminofunction of long chain alkylamino controlled pore glass 13 (7) . The loading was determined 14 The synthesis of the other hexopyranosyl nucleoside analogue was performed starting from methyl-a-D-glucopyranoside (8) (scheme IE). Selective benzoylation at position 2 and 6 15 , conversion of the resulting trans-vicinal-diol to a double bond 16 followed by hydrogenation 17 afforded 9. The methyl glycoside conditions to afford 88% of the /3-anomer (11). Deprotection with methanolic ammonia resulted in the formation of 3. Preparation of the building blocks for oligonucleotide synthesis (13-15) (scheme IV) was accomplished in the same way as for 2. The loading on the solid support was determined to be 28.8 jtmol/g.
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The synthesis of oligonucleotides on solid support was performed using the phosphoramidite 19 chemistry on an Applied Biosystems DNA synthesizer (model 381A). Using the appropriate building blocks (5,7,13,15) the oligonucleotides as indicated in table 1 were synthesized. Enzymatic degradation of the oligonucleotides (17-20,22-25) with snake venom phosphodiesterase and alkaline phosphatase showed the correct ratio of unmodified over modified nucleoside.
Melting Profiles
Melting curves of the synthesized oligonucleotides (16-25) annealed to unmodified (dA), 3 were recorded in the buffer indicated in Table I at a concentration of 4 /xM for each oligonucleotide. The oligonucleotides which showed cooperative melting (16-20,22-25) could be evaluated according to a bimolecular All-or-None mechanism 20 . Fitting of a theoretical melting curve to the data resulted in the melting temperature and thermodynamic parameters as indicated in Table I .
We evaluated the effect on duplex stability of a substitution of a natural thymidine with l-(2,4-dideoxy-/3-D-eryf/zro hexopyranosyl)thymine (2) either in the middle or at the end of a 13-mer. Substitution with one (17) or two hexoses (18) at either end resulted in a melting temperature which was approximately the same as for the unsubstituted oligonucleotide (16) . It can be concluded from the thermodynamic parameters that these terminal hexoses are still base paired and take part in the cooperative melting of the duplex. Substitution in the middle (19,20) however has a more pronounced effect, resulting in a drop of the melting temperature of around 7°C. If we consider the thermodynamic properties of a DNA duplex to be the sum of its nearest-neighbour interactions than: AG(dA) 13 .16 = -AG; + 12XAG (AA/TT) It is assumed 21 that the nucleation process is associated with a helix initiation free energy (AG,) of 25.1 kJ (6 kcal) for duplexes composed exclusively of A.T base pairs. This way it Table I . Hybridization properties and enzymatic stability of the oligonucleotides T, 3 T*=2 T*T M T» T*T»T 9 T*T* T*T 5 T*T 5 T* T 6 TT 6 T*,3 T*=3 T*T,,T* T*T*T,T*T* T*T 3 T*T 5 T* Y*T 6 T*T,,T» T*T*T 9 T*T* T*T 5 T*r 5 can be calculated that AG(AA/TT) = 5.54 kJ/mol under our conditions, which is slightly lower than the reported values 2122 because of the lower salt concentration used. Therefore the destabilization caused by a substitution with 2 in the middle of a sequence (20) (AG=8.2 kJ/mol) corresponds to 1.5 times the nearest-neighbour interaction. This is slightly lower than what would be expected for an internal loop containing two unpaired bases. (The difference in AG equals then two times the nearestneighbour interaction). The destabilization is also of the same magnitude as the least stable base-base mismatch 22 . All this indicates that the effect of one substitution in the middle is limited to one base pair. A completely modified 13-mer (21) is not capable of base pairing with an unmodified (dA) 13 .
The effect on duplex stability of a substitution with 3 is more dramatic. Comparing 22 with 16 and 24 with 25 indicates that one modified nucleoside at either end gave no important change in melting properties. Adding a second one at either end (23) resulted in a large reduction of the melting temperature. The AG value of 23 (30.2 kJ/mol) corresponds well to a calculated value for an inner 11-mer with two dangling ends (AG = -25.1 + fi)x(5.54) = 30.3 kJ/mol), indicating that one modified nucleoside is base paired and the other one not. Comparing 25 with 16 and 24 with 22 indicates a drop of the melting temperature of around 16°C. The destabilization caused by a substitution with 3 in the middle of a sequence (25) (AG = 18.2 kJ/mol) corresponds to 3.3 times the nearest-neighbour interaction, indicating an internal loop of at least four unpaired bases. Unlike 2, substitution with 3 in the middle, results in a destabilization which is not just limited to the modified base pair. The results obtained with 3 are very much like the results obtained with 1.
Enzymatic hydrolysis It was reported
1 that a 3'-exonuclease activity was the major cause of the degradation of natural oligonucleotides in serum. This was supported by the results of several authors who reported that 3',5'-end modified oligonucleotides had an increased halflife. Therefore it seemed suitable to study the enzymatic stability of end-protected oligonucleotides with a 3'-exonuclease (snake venom phosphodiesterase, SV PDE). During digestion with SV PDE, the increase in absorbance at 260 nm was followed. Results of enzymatic stability are indicated in Table I . End-protection with 2 gave only a slight increase of the half-life (e.g. two hexoses at either end (18): t 1/2 x4.5). This is in contrast with end protection with 3 and 1. Substitution with one hexose at either end likewise gave only a slight increase in protection, but substitution with two hexoses at either end resulted in a large increase of the half-life.
CONCLUSION
Several oligomers have been synthesized containing one or more hexose nucleosides (1-3). Substitution with these nucleoside analogues in the middle of a 13-mer had a more pronounced effect on duplex stability than end-substitution. The magnitude of destabilization of the duplex was largely dependent on the hexose analogue used: 3>1> >2 ( figure 1 and 2) . Unfortunately, the enzymatic stability of these oligonucleotides (a necessary property for their use as antisense constructs) was in an identical order:
Apparently, when the hexose nucleoside is able to substitute the natural deoxyribose giving good hybridization properties, the modified oligonucleotide is also recognized by destructive exonucleases. Nevertheless, we are currently further investigating the properties of 3'-end substituted antisense constructs containing 2.
EXPERIMENTAL SECTION
The general procedures used in the experimental part of this work are the same as in ref. Preparation of the solid supports (7 and 15) A mixture of 53 mg (80 /xmol) of the succinates (6 or 14), 400 mg of pre-activated LCAA-CPG 13 , 5 mg of DMAP, 32 /d of Et 3 N and 153 mg (800 /tmol) of l-(3-dimethylaminopropyl)-3-ethylcarbodiimide. HC1 in 4 mL of pyridine dry was sonicated for a few minutes, and shaken at room temperature for 16 h. After shaking, the solid support was filtered off and washed successively with pyridine, methanol and CH 2 C1 2 followed by drying under vacuum. The unreacted sites on the surface of the support were capped using 1.5 mL of 1-methylimidazole in THF (Applied Biosystems) and 1.5 mL of acetic anhydride in lutidine-THF 1:1:8 (Applied Biosystems). After shaking for 4 h at room temperature, the solid support was filtered off, washed with CH 2 C1 2 and dried under vacuum. Colorimetric dimethoxytrityl analysis 14 indicated a loading of 26.2 /imol/g for 7 and
28.8 /imol/g for 15.
DNA synthesis
Oligonucleotide synthesis was performed on an Applied Biosystems DNA synthesizer model 381A using the phosphoramidite approach (1 /*mol scale, end dimethoxytrityl off). The obtained sequences were deprotected and cleaved from the solid support by treatment with concentrated ammonia (3x30min) at room temperature. After prepurification on a NAP-IO* column (Sephadex G25-DNA grade, Pharmacia), eluted with buffer A (see below), purification was done on a Mono Q 11 HR 5/5 anion exchange column (Pharmacia) with the following gradient system [A: 10 mM NaOH pH 12.0; 0.1 M NaCl-B:10 mM NaOH pH 12.0; 0.9 M NaCl-60 till 80% in 40 min, (except for 21, 30 till 60% B in 40 min, and for 22, 24, 25, 60 till 75% B in 40 min) flow rate = 1 mL/min]. Then the solution was desalted on a NAP-10* column (Pharmacia), followed by lyophilisation of the solvent. HPLC analysis. Reverse phase HPLC on an analytical Zorbax C-8 column was performed using a Merck-Hitachi L-6200 intelligent pump. For 17-20 isocratic elution was performed with 5 % MeOH in 0.1 M triethylammonium acetate (flow rate = 1 mL/min). The elution time was 6.5 min and 10.0 min for thymidine and 2, respectively. For 22-25 the column was eluted with 0.5% MeOH in 0.1 M triethylammonium acetate (flow rate = 1 mL/min). The elution time was 8.4 min and 9.6 min for 3 and thymidine respectively. The signals were integrated with a Hewlett-Packard 339OA integrator.
Melting temperatures
Melting curves were measured and evaluated in exactly the same way as described in ref. 10 .
Enzymatic stability of the oligonucleotides
A solution of the oligonucleotide (1 OD) in 2.5 mL of the following buffer [0.1 M Tris.HCl pH = 8.6; 0.1 M sodium chloride; 14 mM MgCl 2 ] was digested with 0.1 U snake venom phosphodiesterase [ = 2 /tL of a solution of the enzyme in the following buffer: 5 mM Tris.HCl pH = 7.5; 50% glycerol (v/v)] at 37 °C. During digestion the increase in absorbance at 260 nm was followed. The absorption versus time curve of the digestion was fitted to a simple exponential. This resulted in a half-life of around 2 min for the unmodified T 13 . Digestion of T, 3 was repeated every time as a control, and the half-lifes indicated in Table 1 are ratios of modified oligonucleotide over T 13 . 
